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Assay m the presence of 10% polyethylene glycol has been systematically used with potentially regulatory 
liver enzymes as an Indirect way to Induce aggregation of enzymes correspondmg to that which could occur 
at their phywologcal concentrations Pyruvate kmase L was markedly affected by polyethylene glycol, as 
was muscle phosphorylase a, while pyruvate kmase M as well as glucokmase, fructose- 1,6-blsphosphatase 
and other liver enzymes examined were not affected 
Enzyme concentration Polyethylene glycol Liver enzyme Pyruvate kmase Glycogen phosphorylase a 
1. INTRODUCTION 
The kinetic behavtour of phosphofructokinase 
and pyruvate kmase studied in situ after 
permeabilization of erythrocytes was found to be 
markedly different from that observed in vitro, in 
contrast to other enzymes examined [l]. The 
behaviour of mammalian phosphofructokinase in 
situ can be accounted for as due to multlaggrega- 
tion of the enzyme at physiological concentrations 
[2]. An indirect way of favourmg aggregation of 
enzymes at the low concentrations convenient for 
kinetic studies is the use of polyethylene glycol 
(PEG) at high concentrations ([3]; unpublished 
observations). Liver cells cannot be effectively 
permeabilized for kmetic studies ([l]; unpublished 
results). We have used the PEG approach to ex- 
plore the possibility that some potentially 
regulatory liver enzymes could be atfected in their 
kinetic parameters by the concentration of the en- 
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zyme. As reported here, pyruvate kinase L was 
markedly affected by 10% PEG, while other liver 
enzymes studied were not affected. 
2. MATERIALS AND METHODS 
2.1. Enzyme preparatrons 
Liver obtained from fed rats (male, Wistar, 
200-300 g) were homogenized in 3 vols of buffer 
A (50 mM Hepes, pH 7.4, 100 mM KCl, 5 mM 
MgClz, 1 mM EDTA, 1 mM dithiothreitol). The 
homogenate was centrifuged at 30000 x g for 
30 min, the pellet discarded and the supernatant 
centrifuged again at 105000 x g for 30 min. The 
following enzyme activities were partially purified 
by ammonmm sulfate fractionation of the super- 
natant, percent (NH&S04 is indicated in paren- 
theses: pyruvate kinase L (30-40%), fructose- 
1,6-bisphosphatase (40-JO%), glucokinase (60- 
75%), glyceraldehyde-3-phosphate d hydrogenase 
(60-80%), 6-phosphogluconate dehydrogenase 
(60-70%) and L-serine dehydratase (30-40%). 
The precipitated material was collected, dissolved 
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m l-2 ml of buffer A and filtered through a 
column of medium Sephadex G-25 (1 x 10 cm) 
equilibrated with buffer A NAD+ kinase activity 
was assayed m the 105000 x g supernatant ftltered 
through Sephadex G-25 as described above. Rabbit 
muscle pyruvate kmase (Stgma, type III), glycogen 
phosphorylase a (Sigma), and bovme liver 
glutamate dehydrogenase (Sigma, Type II) were 
used after dilution m buffer A. Auxihary enzymes 
were filtered through Sephadex G-25. 
2.2. Enzyme assays 
All enzyme assays were carrted out at 37°C in a 
reaction mixture of 1 ml contaming 50 mM Hepes, 
pH 7.4, 100 mM KCI, 5 mM MgClz plus specific 
additions as follows. Pyruvate kinase: 2 mM p- 
enolpyruvate, 1 mM ADP, 0.15 mM NADH and 1 
unit of lactate dehydrogenase Fructose-l ,6- 
bisphosphatase: 1 mM fructose-1,6-P2, 0.25 mM 
NADP+, 1 unit of glucose phosphate tsomerase 
and 1 unit of glucose-6-phosphate dehydrogenase. 
Glucokmase: according to Vifiuela and Sols [4]. 
Glucose-6-phosphate dehydrogenase: 0.5 mM 
glucose and 0.5 mM NADP+ Glutamate 
dehydrogenase: 10 mM 2-oxoglutarate, 10 mM 
NH&l, 1 mM EDTA and 0.15 mM NADH. 
Glyceraldehyde-3-phosphate dehydrogenase: by 
the linear method of Aragon and Sols [5]. 
Glycogen phosphorylase: 40 mM maltotetraose, 
20 mM potassium phosphate, 0.2 mM EDTA, 
1 mM dithiothrettol, 10 PM glucose-l ,6-Pz, 
0.5 mM NADP+, 2 units of phosphoglucomutase 
and 1 unit of glucosed-phosphate dehydrogenase. 
NAD+ kinase: 4 mM NAD+, 6 mM ATP and 
1 mM dithiothreitol; after mcubatron for 30 mm 
the reaction was terminated by addition of 3% per- 
chloric acid; after centrifugation at 25000 x g for 
10 min the supernatant was neutralized with a mix- 
ture of 30% potassium carbonate and 0.5 mM 
triethanolamine, precipttated KC104 was removed 
by centrifugation and the formation of NADP+ 
was measured m the supernatant by adding 1 mM 
6-phosphogluconate and 0.05 units of 6-phospho- 
gluconate dehydrogenase. 6-Phosphogluconate 
dehydrogenase: 0.5 mM NAD+ and 0.5 mM 
6-phosphogluconate. L-serine dehydratase: 0.5 M 
L-serine, 0.1 mM pyridoxal phosphate, 0.1 mM 
dtthtothreitol, 0.15 mM NADH and 1 unit of lac- 
tate dehydrogenase. Protein was determined by the 
Bradford method [6]. 
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2.3 Chemrcals and enzymes 
PEG with nominal M, of 6000 was purchased 
from Scharlau (Barcelona, Spain). Fructose-2,6-P2 
was kindly donated by Professor H.-G Hers, 
Laboratotre de Chtmie Physiologtque, Umverstte 
Catholique de Louvain, Brussels; maltotetraose 
was kindly donated by Boehringer, Tutzmg. En- 
zymes were obtained from Sigma (St Louis, MO) 
and Boehringer (Mannhelm, FRG) Other 
chemicals were from Calbtochem (San Diego, 
CA). 
3. RESULTS 
As shown m ftg.1, the addition of PEG to the 
reaction mixture produced a significant increase m 
the affinity of liver pyruvate kmase L for 
phosphoenolpyruvate; SO 5 and nH values changed 
from 0.4 mM and 1.4 to 0.15 mM and 0.8, respec- 
tively. This decrease in the cooperativity for 
phosphoenolpyruvate l d to a lesser dependence on 
activation by fructose-1,6-Pz, which effect on 
pyruvate kinase L was not modified by PEG (not 
shown). In contrast with the liver enzyme the 
kinetic behaviour of muscle pyruvate kmase M, a 
non-regulatory isozyme, was not affected by PEG 
(fig.1). As seen m fig.2, ATP inhibition of 
pyruvate kinase L was reduced m the presence of 
PEG while the inhibition by alanine was not af- 
fected by the aggregating agent. 
[ Penolpyruvate 3, mM 
Frg 1 Effect of polyethylene glycol on the saturation 
curves of hver and muscle pyruvate kmase. Open 
symbols are control expertments and filled symbols are 
experiments m the presence of 10% PEG Maximal 
actrvrty (100%) of liver pyruvate kinase was assayed at 
2 mM P-enolpyruvate plus 0 1 mM fructose-1,6-Pz 
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[ATP], mM [Alanme 1, mM 
Ftg.2. Effect of polyethylene glycol on the ATP (A) and 
alanme (B) mhtbttton of hver pyruvate kmase Open 
symbols are control experiments and filled symbols are 
experiments m the presence of 10% PEG. 
In addition to pyruvate kinase the effect of PEG 
was also studied on other potentially regulatory 
liver enzymes, as indicated in table 1. Out of the 
nine enzymes examined only two were significantly 
affected by PEG: L-set-me dehydratase, which 
showed an increase m affinity for L-serine and a 
sigmoidal saturation curve in the presence of PEG, 
and glycogen phosphorylase a from muscle that ex- 
hibited a higher SO 5 for P, and a smaller inhibition 
by P-creatine in the presence of PEG. 
The levels in liver of some of the enzymes 
studied are known to be affected by the nutritional 
state of the animal. This fact opened the possibility 
that the liver of fasted animals could contam an 
isozyme, or molecular form of some of its en- 
zymes, that could be more (or less) affected by the 
presence of PEG. After 18 h of fasting no signifi- 
cant difference was found with the following en- 
zymes and parameters: fructose-l ,6-bisphospha- 
tase (SO 5 and V,,), glucokinase (SO 5, nH and 
I’,,,,,), phosphofructokinase (SO s and nu for 
fructose-6-P, Vmax, and fructose-2,6-P2 activa- 
tion), pyruvate kinase (SO 5 and nH for 
phosphoenolpyruvate, Vmax, and fructose-l ,6-PZ 
activation) and L-serine dehydratase (SO 5, nH and 
VIn,,) .
Table 1 
Other enzymes studied m the presence of PEG 
Enzyme Kinetrc parameters f 10% PECY 
SO s b-M) Other observations 
Fructose- 1 ,dbtsphosphatase 
Glucokmase glucose 
Glucosed-phosphate dehydrogenase Glc-6-P 
NADP+ 
Glutamate dehydrogenase 2-oxoglut . 
Glyceraldehyde-3-phosphate d hydrogenase NAD+ 
Glycogen phosphorylase ab PI 
NAD+ kmase NAD+ 
6-Phosphogluconate dehydrogenase NADP+ 
L-Serme dehydratase 
0.07 5 PM Fru-2,6-Pz inhibited 50% 
5 PM + 0.1 pM AMP inhibited 85% 
8 nH 1.3 
0.025 
0 015 K, NADPH 0.11 mM 
0.3 K, GTP 0.02 mM 
0.03 
15 ( 25) 40 mM P-treat. mhtbrted 90% (30%) 
1.0 
0.01 K, NADPH 0 08 mM 
600 (140) nu 1 (1.7) 
a When the results obtained in the presence of PEG were dtfferent from those m tts absence the value wtth PEG 1s given 
m parentheses. V,,, was affected by PEG only m the case of phosphorylase, whrch was 150% of the control value 
b From muscle 
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4. DISCUSSION 
The addition of PEG to the assay for liver 
pyruvate kinase L leads to a more active form of 
enzyme that shows higher affinity for 
phosphoenolpyruvate and less sensitivity to ATP 
mhtbition (figs 1,2). This change 1s presumably 
mediated by enzyme aggregation induced by PEG. 
A similar decrease m the cooperativny for 
phosphoenolpyruvate has been reported when 
pyruvate kmase L was studied m situ m 
permeabtlized erythrocytes [l]. This suggests that 
the regulatory behaviour of pyruvate kinase L is 
influenced by its own concentration, as it has also 
been reported for phosphofructokinase [2]. The 
failure of Flory et al. [7] to detect marked changes 
m the behavrour of pyruvate kinase L assayed at 
cellular concentratron by the stopped-flow ap- 
proach could be due to the use of rather high con- 
centrations of P-enofpyruvate m addition to the 
hysteresis problems. Most other enzymes studied 
in the presence of PEG (table l), as well as by the 
m situ approach [I], dtd not show a significant 
change m their kinetic behaviour. This indicates 
that most enzymes may not be affected by their 
concentrations m vivo. The exception seems to be 
the case of some regulatory enzymes such as 
phosphofructokmase and pyruvate kinase L. Note 
that muscle pyruvate kmase, a non-allosteric 
isozyme, was not affected by PEG, suggesting that 
the effect of enzyme concentration, when it occurs, 
may work mainly by adjusting some of the proper- 
ties of regulatory enzymes. Eagle and Scopes [8] 
had reported that muscle phosphorylase a assayed 
at high enzyme concentration (2 mg - ml-‘) had a 
K, for P, higher than that observed with diluted 
enzyme. Our results with PEG suggest that 
multiaggregatton of the enzyme IS hkely to be 
involved. 
Results so far confirm the value of PEG to 
mimic high concentrations of enzyme for kmettc 
studies and also that artifacts m vitro due to disag- 
gregation of diluted enzymes, although uncom- 
mon, occur with some enzymes. The overcrowdmg 
of protems in the cytoplasm has recently been em- 
phasized [9]. 
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